Genetically modified maize tolerant to broad-spectrum herbicides may greatly alter weed flora composition, abundance and therefore affect organisms of higher trophic levels, including herbivore and detritivore arthropods and their natural enemies. This three-year study measured the effects on arthropods of an intensive use of broad-spectrum herbicides in comparison with one application of conventional pre-emergence herbicide. Numbers of arthropods were measured by three techniques: visual counts on plants, catches in pitfall and yellow sticky traps. Weed density was much higher in conventional treatment in the first year, showed significant difference in the second year, but was no significant difference in the third year. Counts of arthropod taxa were significantly different only in the first year in the two kinds of weed management systems. In visual counts Cicadellidae and Aphididae among herbivores, the two main generalist predators, Orius spp. and Araneae, and the family Coccinellidae were more abundant on plants treated twice with glyphosate. In pitfall there were higher records in glyphosate-treated plots for Myriapoda but the opposite was seen for Carabidae counts. The yellow sticky traps catches were higher in the glyphosate-treated plots for Cicadellidae and Mymaridae, and lower for Thysanoptera. Most of the significant differences found between herbicide regimes disappeared when abundances of weeds (monocotyledons and dicotyledons) were introduced into the analysis as covariates; this finding signals weed abundance as the main cause of arthropod abundance alteration. However, only a drastic alteration of weed abundance causes significant changes in arthropod densities.
Introduction
Genetically modified herbicide-tolerant (GMHT) maize was cultivated in millions of hectares in 2013 (James, 2013) . Application of broad-spectrum herbicides may alter the composition and abundance of weed flora and other components at higher trophic levels, among which there are the arthropods . These provide important services in agrosystems like pollination, biological control, nutrient cycling and provision of resources for other organisms that might be interfered by drastic changes in weed management practices (Norris & Kogan, 2000) . The general goal of weed management is to lower the competition of weeds with the crop plant and thus reduce crop yield losses as much as possible. Weeds are thus regarded and managed as mere competitors of the crop plant, particularly in maize, which is very susceptible to early weed competition (Bradley et al., 2000) . However, weeds may play other roles in agrosystems and influence higher trophic levels, such as arthropod herbivores and their natural enemies, and any alteration in the numbers, composition or phenology of weed communities may be transferred to the whole food web through several mechanisms (Smith et al., 2008) .
2001).
The indirect effects of GMHT crops on the interactions between weeds and arthropods are difficult to study owing to their complexity and the lack of an ecological theory that would explain arthropod responses to vegetation changes in agrosystems. Arthropod-weed interactions have been dealt with in the review by Norris and Kogan (2000) , the analysis of the compatibility of GMHT crops and biological control by Lundgren et al. (2009) and the study of the influence of weed control and crop management practices on invertebrates by Smith et al. (2008) . However, little generalization has been provided in this field by plant and insect ecologists. Much of the ecological thinking on weed and arthropod relationships was formulated by Andow (1991) , who hypothesized that more herbivores and fewer natural enemies may be expected in weed-free plots than in polycultures. Altieri (1999) stated that weedy plots lead to higher numbers of predators but his conclusion was backed by relatively little experimental support. On the contrary, it has been reported that a lower abundance of weeds leads to higher predator numbers in maize, as in the case of the coccinellid beetle Coleomegilla maculata De Geer (Andow & Risch, 1985) and the general predators Orius spp. and spiders (Albajes et al., 2009) . Finally, other studies (Penagos et al., 2003; Gianoli et al., 2006) found no differences in the numbers of on-plant predators between weedy and non-weedy corn plots.
The complexity of weed-arthropod relationships in agrosystems and the difficulty of predicting the changes in food webs resulting from the deployment of GMHT crops were demonstrated in the UK in the Farm Scale Evaluations. These large field trials were designed to compare the impacts of weed management on the diversity of plants and arthropods in GMHT and conventional crops. For three years more than 60 half-fields of beet, maize and spring oilseed rape were treated with broad-spectrum herbicides vs. conventional herbicides and the effects of the two weed management systems on plants and soil-surface-active invertebrates , aerial and epigeal arthropods and invertebrates in field margins were assessed. Differences in arthropod abundances varied during the season and between seasons, crops and taxa. As stated by Hawes et al. (2003) , the introduction of new herbicide regimes will likely affect weed communities and many arthropods that are sensitive to weed community changes. However, no general pattern in the direction of these changes was found over the three years of the Farm Scale Evaluations, despite the high number of fields (about 200) and organisms (more than 100) assessed. In maize the biomass of weeds was greater in GMHT crops than in crops treated with conventional herbicide, whereas in beet and oilseed rape fields the biomass of weeds was lower in GMHT crops. The greater abundance of weeds in GMHT maize coincided with higher counts of several of the taxa recorded on plants and on the soil Haughton et al., 2003) .
A better understanding of the weed-arthropod relationships would allow a better prediction of potential alterations of agrosystem food webs by GMHT crops and would open the possibility of managing broad-spectrum herbicide timing to both limit weed competition for the crop plants and to enhance benefits of weed presence for the biological control functions exerted by predators and parasitoids (Dewar, 2009; Bigler & Albajes, 2011) . In a previous step of a multi-year field trial to assess environmental risks of GMHT maize for herbivore, predatory, parasitic and decomposer arthropods, Albajes et al. (2009) found that several taxa responded to different abundances of weeds when untreated maize plots were compared with plots treated twice with a broad-spectrum herbicide (glyphosate). Whereas counts of some herbivores, predators and parasitoids were higher in GMHT treatment, for other taxa the contrary was found.
This study aimed to analyse the response of the most responsive arthropod taxa found by Albajes et al. (2009) to different weed flora abundances resulting from two herbicide regimes, one with two treatments with glyphosate per season and the other with one conventional pre-emergence herbicide treatment. To this end, a three-year field trial with the two treatments was performed and the most abundant arthropod taxa were recorded by visual counts, pitfall traps and yellow sticky traps.
Materials and Methods

Study Area and Cultural Practices
A three-year field trial was conducted in the Lleida area (NE Spain, 41.36° N, 0.36° E, 223 masl). In the study area maize is commonly grown within a rotation including alfalfa and a winter cereal. The experimental field was surrounded by winter cereals and alfalfa with a 1.5-m margin between them, and no other corn field was within a radius of 300 m according to the Spanish legislation on cultivation of non-commercial GM crops for experimental purposes. The crop in the experimental field prior to sowing maize was alfalfa. Weeds were removed by tillage just before sowing and no insecticide treatment was applied except to seeds, which were dressed with the insecticide Imidacloprid. The field was irrigated using sprinklers, and the cultural practices were the common ones in the region with the exception of glyphosate treatment.
Experimental Design and Herbicide Treatments
The herbicide treatments consisted of (i) two applications of glyphosate at V4 and V8 corn growth stages at a rate of 1.08 kg (AI)/ha (called the 'glyphosate treatment' from here onwards) and (ii) a conventional pre-emergence treatment with a mixture of 1.4 kg/ha alachlor and 0.8 kg/ha atrazine (Alclor complex Alcotan, Spain, 4 l/ha) in the first year, and a mixture of 1.26 kg/ha acetochlor (Harness Plus Monsanto, Spain, 1.5 l/ha) and 0.5 kg/ha aclonifen mixed with 0.075 kg/ha isoxaflutol (Lagon, Bayer, Spain, 1 l/ha) in the second and third year (called the 'conventional treatment' from here onwards). The plot treated with a conventional herbicide had not been treated with herbicides in the year before the start of the study and therefore had a higher number of weeds than usual in maize fields. A complete four-random-block design was used. Treatments were randomly assigned to each block in the first year, but randomization was not used in the second and third years because treatments were repeated on the same plot. Experimental units were plots of 0.5 ha in size. The whole experimental field was sown in the fourth week of April in the three years with the same variety (TEB652-E), including the transformation event NK603, which confers tolerance to over-the-top applications with glyphosate herbicide. Weeds from rows between experimental plots were removed by tillage or, when needed, by hand.
Sampling
Results of weed counts were provided by weed scientists in INIA. Abundance of weeds per square metre was estimated by counting the number of individuals within a 0.25-m 2 ring; on each plot, rings were randomly distributed 16 times on each principal diagonal. Weeds were identified to genus level and, when possible, to species level. Counts were carried out just before herbicide application and 10 to 15 d after the last herbicide treatment. Here only the total number of monocotyledons and dicotyledons after the last herbicide treatment is given.
Three techniques were used to estimate arthropod densities or activities: visual counting, pitfall traps, and yellow sticky traps. Samples were taken seven times per season with each of the techniques at the following corn growth stages: V6-7, V8-10, V12-14, V14-15, R1, R3 and R5 (nomenclature of Ritchie et al., 1992) . On each sampling date the number of crop plant-dwelling herbivores and predators was visually counted on 25 plants per plot early in the morning, when the insects were less active. Individuals were identified to different taxon levels. Among herbivores, three main groups were recorded: leafhoppers and aphids were identified to species level and thrips to order level. The whorl leaves were carefully inspected to count the number of thrips on the first two sampling dates and from the third sampling date onward only thrips on leaves and stalk were counted. Among the predators, Araneae and predatory Thysanoptera were recorded as whole groups; trombidiids, staphylinids, and syrphids were recorded to family level; and anthocorids, nabids, mirids, chrysopids, carabids and coccinellids were identified to genus or species level.
Three pitfall traps (glass jars 8 cm wide by 17 cm high half-filled with water and 20% ethylene-glycol) were arranged on each plot, regularly distributed along the plot length but at least 10 m from the field border, and left active for 5 days on each sampling date. They were protected from irrigation sprinklers by a 25-by 17.5-cm 2 roof placed at 3 cm height from the ground. The individuals caught were taken to the laboratory, kept in the refrigerator until they could be processed, and identified to taxon level. Araneae and the sum of millipedes and centipedes (Myriapoda) were recorded as whole groups. Collembola were divided into two groups: globular and elongate. Staphylinids (adults and larvae) were identified to family level, and earwigs and the most abundant carabid adults were identified to genus or species level.
Three yellow sticky traps (21 by 31 cm, only one sticky side; Serbios, Badia Polesine, Italy) per plot were put on a stake at canopy height (until V12) or at ear level (from V15 onward) and left active for 5 days. They were taken to the laboratory and kept in the refrigerator until they were identified to taxon level. The herbivores recorded were aphids, leafhoppers, planthoppers and thrips. Among predators, the number of individuals belonging to the following taxonomic levels was counted: Orius spp. Nabis spp., other Heteroptera, thrips, chrysopids, staphylinids, and species of coccinellids. Parasitoids caught belonged to the families of Ichneumonidae and Braconidae or to the superfamily Chalcidoids, among which the family Mymaridae were recorded separately because of their particularly high numbers. Finally, the number of individuals of two heterogeneous groups of chloropids and muscid plus tachinid flies were also recorded. Voucher specimens of the main arthropods identified were deposited in the Laboratory of Entomology (University of Lleida, Lleida, Spain).
Statistical Analysis
Arthropod abundance and captures were expressed as mean season values, i.e. all sampling dates were confounded. Sampling date was therefore not introduced into the analysis, so the potential problem of lack of independence of longitudinal samples was avoided (Comas et al., 2013) . Before analysis seasonal means were transformed by log 10 (x+1) to normalize the variable analysed, following EFSA recommendations for this type of field data (EFSA, 2010). The contrast of differences between treatment means was performed within each year for both weed and arthropod density. For arthropods the analysis was performed by first considering only the treatment (one-way ANOVA) and then introducing the abundance of monocotyledonous and dicotyledonous weeds as covariates (one-way ANCOVA with two covariates). Analysis were performed using the lm() and aov() functions from the package stats developed by the R Core Team (R Development Core Team, 2008).
Results
Weeds
The abundance of grass, dicotyledons, and total weeds on the two types of plot is given in Table 1 . Most grasses (> 90%) were Echinocloa crusgalli or Setaria spp. and prevalent dicotyledonous species belonged to the genera Amaranthus, Chenopodium, Portulaca, and Abutilon (which together accounted for 63% of the total dicotyledonous weeds). Differences between the two treatments varied for each year and are shown in Table 1 . Monocotyledons were much more abundant in the first year in the conventional herbicide treatment (15 times, P ≤ 0.05, d.f. = 1, 6) probably because these plots had not been treated with herbicides the year before, as mentioned in the Materials and Methods section. This significant difference remained in the second year (2 times, P ≤ 0.05, d.f. = 1, 6) but not in the third year (P > 0.05, d.f. = 1, 6). A rather different pattern was observed for dicotyledonous weeds. Whereas in the first year there were significantly more dicotyledons in the conventional treatment than in the glyphosate treatment (1.7 times, P ≤ 0.05, d.f. = 1, 6), but no significant differences were recorded in the other two years (P > 0.05, d.f. = 1, 6) ( Table 1) . (Table 1 ) but these differences were only significant in the first year, when there were 2.7 and 1.9 more Cicadellidae and Aphididae, respectively (P ≤ 0.05, d.f. = 1, 6 for both taxa), on the glyphosate-treated plots (Table 1) . Interestingly, significant differences detected in the ANOVA in these herbivores disappeared when number of monocotyledons and number of dicotyledons were introduced in the analysis as covariates (P > 0.05, d.f. = 1, 4, for both taxa). This would mean that abundance of both grass and dicotyledonous weeds is a major cause in the influence of the herbicide regime on numbers of Cicadellidae and Aphididae. Among predators, three taxa were affected by the herbicide regime, Orius spp. Araneae, and Coccinellidae, which showed significantly higher counts in the glyphosate treatment but only in the first year (P ≤ 0.05, d.f. = 1, 6 for the three taxa) ( Table 1) . As mentioned for Cicadellidae and Aphididae, Orius spp. and Coccinellidae, differences between the two herbicide treatments became insignificant (P > 0.05, d.f. = 1, 4, for both taxa) when weeds were introduced in the analysis as covariates; however only the number of monocotyledons was significant (P ≤ 0.05, d.f. = 1, 4, for both taxa). In the case of Araneae, differences between treatments remained significant in the analysis of covariance but at a lower significance level and only monocotyledons were significant (P ≤ 0.05, d.f. = 1, 4) . Therefore, it seems that Araneae are more abundant on plants of glyphosate-treated plots owing to other causes in addition to the abundance of weeds. A similar pattern was also recorded in the total number of predators. The other two phytophagous and eight predatory taxa were not affected by the herbicide regime in any of the years.
A total of 2,244 predators were caught in pitfall traps and most of them belonged to Carabidae (51%), Staphylinidae (25%) or Araneae (20%). Most non-predatory taxa were Myriapoda (2,317 individuals) and elongate Collembola (1,442 individuals). Only a few significant differences in arthropod density/activity were found (Table 2) . Carabidae counts were significantly higher in the conventional treatment than in the glyphosate treatment (P ≤ 0.05, d.f. = 1, 4) only in the first year and significant differences were maintained when records of grasses and dicotyledons were introduced as covariates (P ≤ 0.05, d.f. = 1, 4). By contrast, Myriapoda were significantly higher in the glyphosate treatment and also only in the first year (P ≤ 0.05, d.f. = 1, 4), but the difference disappeared in the analysis of covariance (P > 0.05, d.f. = 1 ,4). The whole group of parasitoids caught in yellow sticky traps included 5,115 individuals and most of them (75%) were Mymaridae, whereas other Chalcidoidea accounted for 19%, Braconidae 4% and Ichneumonidae 1%. Herbivores were composed of Cicadellidae (13,524 individuals), Fulgoroidea (1,860), and Aphididae (4616). Thysanoptera (22,346) included predatory and phytophagous species which could not be distinguished during the trap counting. Chloropidae (2,947) and Muscoidea (572) and a small number of Coccinellidae and Orius spp. were also caught on yellow sticky traps. Only three taxa, Cicadellidae, Thysanoptera, and Mymaridae, showed significantly different catches according to the herbicide treatment and all the significant differences were recorded in the first year (P ≤ 0.05, d.f. = 1, 6), when leafhoppers and mymarids were more abundant in glyphosate-treated plots and thrips were more abundant in conventional herbicide treatment (Table 3) . As recorded in the counts on plants, in all three taxa between-treatment differences disappeared when the number of grasses and dicotyledons was introduced in the analysis as a covariate (P > 0.05, d.f. = 1, 4 for the three taxa), (Table 3) . By contrast, Orius spp. counts were significantly higher only when the covariate of number of grasses and dicotyledons was introduced into the analysis (P ≤ 0.05, d.f. = 1, 4). The remaining herbivores, predators and parasitoids recorded on yellow sticky traps showed no significant differences between the two types of herbicide regime. 
Discussion
Effects of GMHT crops on arthropods may result directly from the toxic effect of broad-spectrum herbicides or the deleterious consequences of the transgenic trait or its products, but they may also be indirectly mediated via plant food resources or habitat modification (Marshall et al., 2001) . Only the third pathway is evaluated in the present study. It was not possible to measure any possible effects of the transgenic trait on arthropods as the field was sown with the same GMHT variety in the three years; a direct effect of the broad-spectrum herbicide in comparison with the pre-emergence herbicide treatment was not likely to occur according to most of the records in the literature. Only in a few cases have lethal and sublethal effects of broad-spectrum herbicides on natural enemies been recorded (Franz et al., 1997; Ahn et al., 2001; Michalková & Pekár, 2009; Schneider et al., 2009; Evans et al., 2010) . Andow (1991) attempted to describe relationships between abundance of weeds and response of arthropods, predicting fewer arthropod pest outbreaks in polycultures (spatially intimate mixtures of different plant species with maximum temporal overlap) than in monocultures (the corresponding bare-ground single-crop fields). However, several reported situations contradict the general pattern that he proposed. Availability of GMHT crops offers a good way to test the validity of this general pattern in several crops, geographical localities and weed management practices. Among field trials carried out to measure impacts of GMHT crops on weed flora and higher trophic levels, the British Farm Scale Evaluations gave a good comparison in three crop systems throughout the UK: beet, maize and spring oilseed rape. Hawes et al. (2003) provide a synthetic view of results obtained in these evaluations by analysing whether trends in changes of the different functional groups of arthropods are driven by differences in weed populations. They conclude that there is a positive relationship between availability of resources and consumers, showing the greatest effect in the most sedentary and host-specialist herbivores and the least effect in mobile generalists. Positive relationships between weed abundance and numbers of arthropods were also found by Brooks et al. (2003) in soil-surface-active invertebrates, and only in some epigeal and aerial arthropod taxa by Haughton et al. (2003) . A similar conclusion was reached by Smith et al. (2008) , who analysed whether changes in weed flora composition might lead to changes in the composition of invertebrate species; they observed changes in the latter driven by alterations in the former but hypothesized that changes may be buffered by the effect of functional redundancy, crop and dispersal.
In a preliminary study carried out to identify the most responsive arthropods to the alteration of weed abundance and composition resulting from the application of glyphosate on GMHT maize in comparison with herbicide-untreated plots (Albajes et al., 2009) , authors found that the direction of changes in response to the high differences in weed infestations differed according to the taxon; maize specific leafhoppers and aphids and generalist predators such as Orius spp. and Araneae were more abundant on treated plots with fewer weeds, whereas phytophagous thrips were less abundant on these plots. By contrast, soil-dwelling generalist predators such as Carabidae and Araneae were more abundant on untreated plots than on glyphosate-treated plants in pitfall trap counts. Parasitoids also showed different tendencies in different taxa recorded on yellow sticky traps.
In the work reported herein, differences in arthropods were reduced as the weed infestation differences between the two plots declined over the three years when glyphosate vs. conventional treatment were applied on the same plots. In visual counts significant differences were found in leafhoppers, aphids, Orius spp., Araneae and Coccinellidae but only in the first of the three years, when weed infestation was considerably higher in conventional treatment, particularly in grasses. In the second year the differences were lower but still significant, and in the third year there were no differences. These differences in Cicadellidae and Orius spp. densities on plants were discussed by Albajes et al. (2011) , who attributed them to crop plant apparency (Cicadellidae) and availability of different prey (Cicadellidae) for Orius, a conclusion also supported by previous results analysed in Albajes et al. (2009) . A similar explanation may be applied to Araneae, also generalist predators with leafhoppers as the potential prey (Lang et al., 1999) , which showed similar trends to those of Orius spp. The fact that, for most taxa with different counts in conventional vs. glyphosate plots, differences were no longer significant when weed counts were used as a covariate in the ANCOVA supports the hypothesis that alteration of weed abundance is the main cause of changes in herbivore densities on plants. These differences in herbivore insect abundance could explain the differences in the numbers of generalist predators, which would take advantage of the early abundant colonization of maize plants by Cicadellidae in poorly weed-covered fields to build higher populations during the season, enhancing the biological control functions of these arthropods, as hypothesized by for Orius spp. and now confirmed for Araneae. Such a mechanism could also account for the results for Aphididae and aphidophagous coccinellids.
Opposite results were obtained for soil-dwelling predators. Carabidae counts were higher on conventional-treated plots but differences were significant only in the first year, when the differences in numbers of weeds in the two types of herbicide treatment were much higher than in the other two years. It is known that Carabidae include omnivorous predators that are able to eat seeds in addition to strictly carnivorous species (Kotze et al., 2011) . A higher availability of seeds on conventional-treated plots, especially in the first year, could have favoured the seed-eating species. Most species recorded (> 90%) were carnivores although a particularly abundant species, Pseudophonus rufipes (De Geer), may behave as an omnivorous predator and consume a certain number of seeds (Kromp, 1999) . Another explanation for the higher records of carabids on weedy plots was the higher availability of prey such as Collembola on glyphosate-treated plots than on herbicide-untreated plots (Albajes et al., 2009) ; here, however, with less weed infestation differences between plots, Collembola and other detritivore taxa showed no significant differences and cannot explain differences in soil-dwelling predators, as other authors have argued (Settle et al., 1996; Marcussen et al., 1999; Bilde et al., 2000; Halaj & Wise, 2002; Prasifka et al., 2006) . Independently of the feeding behaviour, differences in carabids seem to be mainly caused by the weediness of plots, as significant differences disappear when weed abundance is introduced as a covariate in the analysis.
Differences recorded in yellow sticky traps were only significant in the first year, when there were more differences in weeds, as observed in visual counts. Moreover, significance of these differences in arthropods was mainly due to the abundance of weeds, as was also concluded for some arthropods recorded in visual counts. Furthermore, numbers of leafhoppers were higher in much less weedy plots, as recorded in visual counts; a lower crop apparency of weedy crops for herbivore colonizers has been signalled as a mechanism explaining less colonization by some herbivores (Root, 1973) . A lower colonization of weedy plots has also been observed in the potato leafhopper, Empoasca fabae (Harris), in soybeans (Buckelew et al., 2000) , although this association may be related to the effects of weeds on crop plant height or to the different soil coverage by weeds (Lam & Pedigo, 1998) . As hypothesized by Albajes et al. (2011) , the much higher number of leafhoppers in glyphosate-treated plots could explain the concomitant greater abundance of their common parasitoids, mymarids, on these plots (Gauld & Bolton, 1988) . It is more difficult to explain the higher abundance of total Thysanoptera on conventional-treated plots because this taxon includes both herbivore and predatory species, so thrips feeding on weeds could be caught in greater amounts on weedy plots. The fact that there were no more herbivore or predatory thrips recorded on crop plants in visual counts could support this hypothesis.
In summary, changes in weed management resulting from the deployment of GMHT maize may alter the abundance and composition of weed flora and consequently the abundance of arthropod taxa, but no general pattern has been detected. The direction of changes in arthropods varies according to the arthropod taxon and the intensity of the weed changes. Low soil coverage by weeds leads to enhanced crop plant colonization by homopterans and higher abundance of generalist predators, but this difference is only significant when the abundance of weeds is greatly impacted by treatment with broad-spectrum herbicides. On the other hand, soil-dwelling carabid beetles are more responsive to changes in weed abundance and tend to decrease when soil coverage by weeds diminishes. Major changes in insect hosts also lead to changes in the numbers of associated parasitoids. Studies like this, that aimed at detecting effects of GMHT crops on non-target organisms, show general tendencies but a more precise study of relationships between specific weeds, their herbivore insects and their natural enemies should be performed in order to predict specific changes in agrosystem biocenosis with greater precision.
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